In this paper, we describe an effective transmission method of high frequency ultrasound into a silicon chip via the polymer layers. The layer is inserted between water and the chip, and the pressure of about 0.1 MPa is applied to the contact interface between the layer and the chip. The polyvinylidene chloride and polyvinyl chloride layers of 9 µm thick bring the ultrasonic resonance between water and silicon, and the ultrasound in the frequency range of 20 to 80 MHz is transmitted into the chip more effectively than the usual water immersion case. In practice, we carry out the acoustic imaging of the flip chip package via the layer, and clearly visualize the defective solder bumps beneath the chip under the dry-contact condition. Besides, the quality of the dry-contact image is equivalent to the water immersion image.
Effective Transmission of High Frequency
Ultrasound into a Silicon Chip through a Polymer Layer
Introduction
Recently, the bonding technology without using the wires such as the flip chip and the ball grid array (BGA) assemblies has widely been used for the integrated circuit (IC) interconnection in the electronics industry. The bonding technology is greatly contributing to decrease of the package size (1) and improvement of performance of the packages (2) . Figure 1 shows the cross section of a flip chip package. The silicon chip is electrically connected with the substrate by small solder bumps, and the space between the chip and the substrate is filled with the underfill. The wafer level package is connected with the printed circuit board by the BGA assembly using small solder balls beneath the silicon chip. For ensuring the reliability and the quality of the flip chip and the BGA assemblies, the evaluation of the solder joints beneath the silicon chip is important (3) , but the hidden joints cannot be confirmed by the optical method. A micro-focus X-ray device is capable of detecting the deformation and mounting shear of the joints after assembly (4) , but the X-ray device hardly evaluates whether the joints are reliably connected or not. Thus, the ultrasonic C-scan imaging system has been used for the evaluation of the joints. However, the usual C-scan system requires the immersion of the package into the coupling liquid for transmitting ultrasound (5) , (6) . In many situations, this is undesirable as the package may become contaminated through liquid absorption.
Several techniques have been made for transmitting ultrasound without liquid immersion. One of these techniques makes use of dry-coupling transducers that have an elastomer face layer in front of the transducers (7) . Techniques using air-coupled transducers (8) and electromagnetic acoustic transducers (9) are available for the transduction of ultrasound in air so far as the frequencies of some megahertz are used. Alternatively, ultrasound in air can be generated by a laser pulse (10) . However, the high frequency ultrasound with sufficient intensity, which is necessary for high-resolution acoustic imaging, is not yet available for the aforementioned techniques. In con- Fig. 1 Cross section of a flip chip package trast with these techniques, the dry-contact technique for transmitting high frequency ultrasound without getting the sample wet has been reported (11) . The technique transmits ultrasound via the contact interface between a thin solid layer and the sample with working the pressure of about 0.1 MPa, and we applied it to the visualization of object interface in the plastic packages under the dry-contact condition (12) . In this paper, we describe an effective transmission method of high frequency ultrasound into the silicon chip based on the dry-contact technique. The specific acoustic impedance of silicon is about fifteen times as large as that of water, and the mismatch of the acoustic impedance between silicon and water is greater than that of plastic and water. Therefore, we let the polymer layers work as the impedance matching layers, which mitigate the mismatch of the acoustic impedance between silicon and water, and the pressure of about 0.1 MPa is applied to the layer/chip interface for improving the acoustic coupling at the contact interface. The layers made of polyvinylidene chloride (PVDC) and polyvinyl chloride (PVC) are 9 µm thick, and the ultrasound in the frequency range of 20 to 80 MHz is transmitted into the chip via these layers more effectively than the usual water immersion case. We demonstrate the joint inspection of the flip chip package under the drycontact via the PVDC layer and the water immersion. The acoustic image obtained via the PVDC layer clearly shows the defective solder bumps beneath the chip, and also, the quality of the dry-contact image is equal to the water immersion image in points of the spatial resolution and the signal-to-noise ratio.
Theory of Plane Waves in a Layer
Let us suppose that a plane acoustic wave is incident on a plane layer of thickness d at normal. A coordinate z is introduced perpendicularly to the layer surface such that the origin locates on the lower surface of the layer, see Fig. 2 . The transmission system shown in Fig. 2 is composed of three media, and the acoustic potential of each medium can be written as (13) 
where 
and
where ω = 2πν, and ρ m is the density of the referred medium. The acoustic pressure and the normal component of the particle velocity must be continuous at z = 0 and d, and these conditions are expressed as (
By substituting Eqs. (1) to (3) into these boundary conditions, we obtain four equations that can analytically be used to solve the unknown coefficients ϕ + m and ϕ − m . The transmission coefficient, which is defined as the ratio of the acoustic pressure of the transmitted wave to that of the incident wave, can be expressed as
where
is the specific acoustic impedance of the referred medium. The transmission coefficient for the inverse direction, T 1←3 , can also be obtained by the replacement of the subscriptions 1 and 3. Therefore, the absolute value of the echo transmittance of three media system, T 1 (= |T 1→3 · T 1←3 |), can be given by
The function T 1 oscillates depending on d, and for the value of Z 2 lying between Z 1 and Z 3 , T 1 takes its maximum values at 
where λ 2 = c 2 /ν. Also, T 1 is affected by Z 2 , and takes its maximum value at
Equations (6) and (7) are well known as the conditions of impedance matching layer, and these have been considered in the design of ultrasonic transducers (14) . On the other hand, in the case without the layer, the echo transmittance of two media system composed of media 1 and 3 is given by
The value of T 2 is determined by only the specific acoustic impedance of two media, and it is always real.
To introduce the conception of impedance matching layer in the dry-contact technique, we consider the ultrasonic transmission from water (Medium 1) to silicon [111] (Medium 3) via a layer. The contour plot of T 1 calculated from Eq. (5) as a function of d/λ 2 and Z 2 is shown in Fig. 3 . The used data were Z 1 = 1.48 MNm −3 s and
The value of T 2 in the case without the layer was determined from Eq. (8) around the maximum point far exceed the value of T 2 . This is due to the ultrasonic resonance among three media.
Experimental Procedure

1 Dry-contact ultrasonic transmission
The schematic illustration of the dry-contact ultrasonic transmission is shown in Fig. 4 . A polymer layer is inserted between water and the sample, and the pressure is applied on the contact interface between the layer and the sample surface by evacuating the air between them. The surface roughness of the sample and the elastic deformation of the layer during ultrasonic transmission are liable to form the air gaps in the contact interface. Therefore, the pressure applied on the interface is effective for improving the acoustic coupling at the interface (7) , (12) . An emission wave excited with the focused transducer reaches an object interface in the sample, and the echo reflected at the object interface is received by the transducer. The nominal frequencies of used transducers were 30, 50 and 100 MHz, and the diameter of the piezoelectric element of those transducers, 2a, was 6.35 mm. The focal length, z 0 , of the 30 MHz transducer was 19.1 mm, and the length of 50 and 100 MHz transducers was 12.7 mm. Figure 5 shows the details of the dry-contact ultrasonic device used in the experiment (12) . A polymer layer is inserted between two metallic plates, and the air between the layer and the sample is evacuated by the vacuum pump through the path control layer. The pressure applied on the contact interface was about 0.1 MPa as the ultimate pressure of the pump was 7 kPa. 
2 Polymer layer and sample
Two kinds of polymer layers made of PVDC and PVC were used in the experiment, and both layers were 9 µm thick. The acoustic properties of used layers are summarized in Table 1 . The specific acoustic impedance was measured by the method proposed by Kumar et al. (15) , and the ultrasonic velocity was determined by dividing the specific acoustic impedance by the measured density. By substituting the ultrasonic velocity of the layers, d = 9 µm and h = 1 into Eq. (6), we obtain the frequency, ν 1 , whereat the ultrasonic resonance brought by the layer insertion will particularly appear. The values of ν 1 of the PVDC and PVC layers were 54.4 and 62.2 MHz, respectively.
The sample used in the experiment was a disk of 25 mm diameter and 2.1 mm thick, where a silicon chip having a size of 4.7 × 3.5 × 0.6 mm was embedded in the epoxy resin. The ultrasound emitted with the 30, 50 and 100 MHz transducers was transmitted into the sample from the silicon chip side, and the object interface was the silicon chip/epoxy resin interface. The arithmetical mean deviation of the profile, β, and the profile element width, γ, of the silicon chip measured by the surface roughness measuring instrument were 0.09 and 5 µm, respectively.
Experimental Results
The amplitude spectra of the echoes from the silicon chip/epoxy resin interface obtained under the dry-contact through the PVDC and PVC layers and the water immersion are shown in Fig. 6 . Figure 6 (a), (b) and (c) are the amplitude spectra obtained by the 30, 50 and 100 MHz transducers, respectively. Figure 6 clearly shows that the amplitude spectra obtained under the dry-contact through the PVDC and PVC layers are much larger than those of the water immersion in the frequency ranges of 20 to 40 MHz, 30 to 60 MHz, and 40 to 80 MHz for the 30, 50 and 100 MHz transducers, respectively, and these layers well work as the impedance matching layer between water and silicon for all used transducers.
The decibel representation of the amplitude ratio of the dry-contact case to the water immersion case is given by
where φ 1 and φ 2 are the amplitude spectra of the echoes obtained under the dry-contact and the water immersion. The amplitude ratio for the PVDC and PVC layers is plotted as a function of frequency in Fig. 7 (a) and (b), respectively. For both layers, the amplitude ratio exceeded 0 dB in the frequency range of 20 to 80 MHz, and the ultrasonic transmission through the polymer layers which was more effective than the water immersion case was realized at the high frequency range. The values of maximum frequency of the PVDC and PVC layers, showing maximum amplitude ratio, were 57.6 and 63.0 MHz, respectively. The values of maximum frequency were quite near to the values of ν 1 of both layers. This fact suggested that the transmission of high frequency ultrasound via those layers was more effective than the water immersion case as a result of the ultrasonic resonance among water, the polymer layer and silicon. Also, the peak frequency of the amplitude spectrum of the water immersion case obtained by the 100 MHz transducer was 65.4 MHz, and it was near to the values of ν 1 of both layers. Therefore, both layers were especially effective for transmitting the ultrasound emitted with the 100 MHz transducer. The beam intensity at the point focused by the transducer is estimated by the following effective point-spread function (PSF) (16) :
where r (= x 2 + y 2 ) is the radial distance from the central axis of the lens, ν L the lower frequency limit (= 0.5 MHz), ν U the upper frequency limit (= 99.6 MHz), J 1 Bessel function of the first kind and first order, k c = 2πν/c c , and c c the ultrasonic velocity in the coupling liquid (= 1 480 m/s in water). The effective PSF of the 100 MHz transducer in the case of the dry-contact through the PVDC layer is shown in Fig. 8 . The effective PSF takes its maximum value at r = 0, and the function is symmetrical to the central axis at r = 0. The lateral resolution, d PE , is defined as the separation distance between two sound sources which can clearly be distinguished with each other. The lateral resolution is estimated from the effective PSF, and it must satisfy the following equation:
The values of the lateral resolution of the 100 MHz transducer in the cases of the dry-contact through the PVDC and PVC layers and the water immersion were 49, 46 and 47 µm, respectively, and those values were almost same.
Application to Package Inspection
Examined package was the flip chip package having a size of 40 × 40 × 1.9 mm. The size of the silicon chip was 20 × 20 × 0.7 mm, and the values of β and γ of the silicon chip were 0.03 and 7 µm, respectively. Because the value of β of the chip was smaller and the value of γ of the chip was larger than those of the former sample, the polymer layer will be able to achieve the better acoustic coupling to the chip than the former sample (7) . The silicon chip was mounted on the substrate with small solder bumps, and the space between the chip and the substrate was filled with the underfill. The acoustic imaging was carried out from the chip side under the dry-contact through the PVDC layer, and it was also performed under the water immersion. The 100 MHz transducer was used in the imaging, and the imaging area and the scan pitch were 3.7 × 3.7 mm and 12 µm, respectively.
The examples of the echoes from the silicon chip/underfill interface obtained under the dry-contact through the PVDC layer and the water immersion are shown in Fig. 9 . The amplitude is normalized by the positive peak value of each echo from the chip/underfill interface indicated by the arrow B in Fig. 9 . The echo from the chip surface (arrow A) obtained under the dry-contact was much smaller than that of the water immersion case. This Fig. 10 . The solder bumps were quite small, and the bump pitch was 250 µm. However, the dry-contact image clearly showed the each joint in the wide area as the water immersion image. This fact indicated that the uniform acoustic coupling between the PVDC layer and the silicon chip in the wide area was realized and the dry-contact acoustic imaging with high spatial resolution was performed in the wide area. Furthermore, the amplifier gain required for the dry-contact imaging was −8 dB as compared with the water immersion case. This was due to the signal amplification brought by the ultrasonic resonance among water, the PVDC layer and silicon. It should be noted that we recorded the high quality acoustic image, which was equivalent to the water immersion image in points of the spatial resolution and the signal-to-noise ratio, under the dry-contact condition by the aid of the ultrasonic resonance among water, the polymer layer and silicon.
Conclusions
Effective transmission method of high frequency ultrasound into a silicon chip was shown for recording the high quality acoustic image beneath the chip under the dry-contact condition. In this method, the polymer layer is inserted between water and the chip, and ultrasound is transmitted into the chip via the contact interface between the layer and the chip whereat the pressure of about 0.1 MPa is applied. The polymer layers made of polyvinylidene chloride and polyvinyl chloride were 9 µm thick, and the ultrasound in the frequency range of 20 to 80 MHz was transmitted into the chip through those layers more effectively than the water immersion case. This was due to the ultrasonic resonance among water, polymer and silicon. In practice, we demonstrated the acoustic imaging of the flip chip package under the dry-contact through the polyvinylidene chloride layer. The dry-contact image clearly showed the defective solder bumps beneath the silicon chip, and also, the image was equal to the water immersion image in points of the spatial resolution and the signal-to-noise ratio. 
